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Abstract 
Previously reserved to the manufacturing of prototypes, since few years, additive manufacturing is used to manufacture 
metallic parts. It is the case of the Electron Beam Melting (EBM) process that is studied in this paper. The transition from 
prototypes to functional parts has led to increase the requirements on the produced parts. The quality of the built material has to 
be controlled, the geometrical tolerancings decrease and the residual stresses try to be limited.  
This article will focus on current main quality problem: the deformations of the part during its built due to thermal effects. 
The aim of this article is to show the interest to use specific melting strategies, and especially specific beam trajectories to reduce 
these thermal effects. First the current solution to avoid these deformations (support structures) will be discussed. In a second 
part the thermal phenomena causing deformations of the part will be explained in order to propose a new strategy to limit 
deformations in the third part. This strategy is based on the modulation of the energy input using specific beam trajectories. 
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1. Introduction 
Nowadays, additive manufacturing is not only intended to 
manufacture prototypes [1]. Helped by the arrival of metallic 
additive manufacturing technologies (Laser Beam Melting, 
Electron Beam Melting), it can be considered as a 
manufacturing process in itself. 
Now that additive manufacturing can produce functional 
parts, it is necessary to adapt parts to this new process and 
adapt the process to the manufacturing of functional parts and 
not prototypes. Part of the research on the subject focus on 
how to help designers to redesign the products according to 
the process new possibilities and constraints by creating new 
design rules [2].The research presented in this paper will 
focus on the adaptation of the process to the production of 
functional parts. In fact, to produce them the quality of the 
built material has to be controlled together with the geometry 
of the built part. Studies were conducted to find the best part 
orientation during the built in order to reduce geometric 
defects [3] or to improve the geometric model description [4]. 
The current study will focus on a recurring problem of 
additive manufacturing: building of horizontal planes. In order 
to be able to build complicated parts, the process has to be 
able to build planes in all directions. This study will show how 
it is possible to improve the process capacity to build 
horizontal planes with the use of improved beam trajectories.  
This paper will study the case of the Electron Beam 
Melting (EBM), a layer based metallic additive manufacturing 
process where the energy source is an electron beam. This 
process allows building parts from metallic powder layer by 
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layer. First, a layer of metallic powder is spread by a rake. 
Then the heat source, an electron beam, consolidates the entire 
layer and, in a second stage, melts selectively the powder in 
the zones where the part has to be built. The build table then 
goes down for a height corresponding to the layer thickness. 
The cycle can then restart from layer spreading stage. The part 
is formed by stacking each layer’s melted area. After the built, 
the unmolten powder is removed by blasting it. 
 
 
Fig. 1. Electron beam melting system 
 
2. Curling effect in EBM manufacturing 
A recurring problem in layered manufacturing is the 
melting phase of the construction in the areas of the part 
which are not supported by material: overhang surfaces [5]. In 
many additive processes, these surfaces have to be supported 
during their generation not to fall. This is not necessary in 
EBM manufacturing because the consolidated powder under 
the overhang surfaces is strong enough to support them.  
However, the difficulty in EBM is to control the melting 
pool size. Indeed, most of the time, the melting pool is created 
on melted material, but, for the overhang surfaces, the melting 
pool size have to be created on consolidated powder. The 
difference between consolidated powder and melted material 
thermal characteristics has influence on the melting pool size 
and temperature and, after cooling, a curling of overhang 
surfaces can be observed where the extremities go upwards. 
To characterise these deformations, an overhang surface 
has been measured using a laser scanning system. The result 
of the measurement can be seen Fig. 2 and the measured 
flatness is 0.83 mm. For the production of functional parts, 
these deformations may not be acceptable. Indeed, they can be 
out of the expected tolerance and will require a surface 
finishing by cutting process for example (when it is possible). 
Moreover, these deformations are the result of internal 
stresses; it is possible that there are residual stresses in the 
final part. That is why reducing the curling effect is a real 
issue that has to be addressed to produce complicate parts and 
especially horizontal planes. 
 
 
Fig. 2. Distance (mm) between the scanned surface and its least squares 
plane. 
 
The current solution to solve this problem is the use of 
support structures (Fig. 3). By different ways, these structures 
allow to reduce the curling effect. These structures are 
removed after the build and because of their material price, 
the consumed time to remove the supports and the 
accessibility problems, this solution cans not always be use. 
 
 
 
Fig. 3. In yellow, support structures under an overhang surface. 
 
That is why the aim of this study is to explore another 
solution: the modulation of the energy that is used to melt the 
powder. In this paper, the link between the conductivity of the 
material and the overheating of negative surface will be 
analysed. Thanks to these observations, the energy input is 
modulated by generating new trajectories. Finally, the results 
and the perspectives of this preliminary study will be 
discussed. 
3. Use of support structures 
EBM manufacturing, like Laser Beam Melting (LBM), 
uses support structures to reduce the curling effect. They are 
placed under the overhang surfaces and they are removed 
after the built. They have several roles: 
x With a better conductivity than the sintered powder, they 
help to dissipate the heat. 
x They rigidify the surface and thus limit its deformation. 
x They anchor the surface to the starting plate or in the 
consolidated powder. 
 Nevertheless, as Vayre et al. [6] show, it is difficult to 
choose the type and the number of support structures and to 
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place them adequately. The time needed for these operations 
together with the surplus of materials and the time needed to 
remove them, increase the cost of the part. Moreover by 
rigidifying the surface, support structures stop deformations 
and create residual stresses. Finally, it is necessary to access 
to the supports in order to remove them and they leave marks 
on the surface. So, in several cases, using support structures is 
not a satisfactory solution. That is why a second approach, 
control the energy input to reduce the cause of deformations, 
is proposed. 
4. Modulation of energy input 
4.1. Thermal problem 
Shen et al [7] calculated stresses induced by a single 
straight scan of the electron beam. After cooling, the 
retraction of the material will induce residual stresses and 
deformations. Therefore, a way of limiting these deformations 
is to avoid overheating the part. Thus the energy input has to 
be just necessary to reach the liquidus temperature and melt 
the powder. But this just necessary energy varies in function 
of the surroundings’ capacity to dissipate heat. Indeed, the 
molten material has a higher conductivity than the 
consolidated material. So, for a surface which is supported by 
molten material, the energy input is partially evacuated by the 
molten material. For an overhang surface, this dissipated heat 
is lower and the material can reach overheat point. This 
phenomenon was simulated by Shen et al [8]. 
The aim of this study is to take in consideration this 
particularity, thus to modulate the energy input in function of 
the surrounding of the melting point. This will to reduce the 
energy input for the overhang surfaces. 
4.2. Modulation of energy 
Observing the deformation of an overhang surface, two 
types of deformations can be differentiated: a global 
deformation of the entire surface and a more important 
deformation on the contour. In fact, the two zones are not 
surrounded by the same type of material. A point on the side 
of the surface have consolidated powder under it but also next 
to it, while a dot in the overhang surface have also 
consolidated powder under it but, next to it, it is molten 
material (with high conductivity to conduct the heat). That is 
why, it seems to be interesting to decrease the energy input in 
function of the type of material under the current beam point 
but also in function of the type of material next to it. 
Prior to determinate the modulation function, which will 
decrease the energy near the consolidated powder, it is 
necessary to know the energy required to melt a point 
surrounded by molten material (the nominal energy density). 
This nominal energy density is the maximal energy required 
to melt an elementary volume surrounded by molten material. 
Then this value will be modulated in function of the proximity 
to the consolidated powder. 
To this aim, 32 cylinders were built directly on the starting 
plate without overhang surface (Fig. 4). The tested parameters 
are: beam current (I), beam focus, beam speed (v) and two 
distances between two trajectories (Table 1). In order to limit 
the number of built cylinders, a design of experiments 
approach was used. For each distance between two 
trajectories a L9 tables of Taguchi designs is used. The energy 
density (U) of each cylinder is calculated with these 
parameters but also the beam voltage (V = 60 kV) and the 
built volume (V0): 
v
IVLU
0V
                              (1) 
with L the distance traveled by the beam.  
 
Fig. 4. Built cylinders in the starting plate. 
 
To determinate if the powder is correctly melted, the 
Young modulus have been measured on a tensile test bench. 
Fig. 5 shows the evolution of the dimensionless modulus 
(E/Emax) in relation to the energy density. 
 
 
 
Fig. 5. Dimensionless modulus in function of the energy density in J/m3. 
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Table 1.Level of tested parameters. 
 Beam 
speed 
(mm/s) 
Beam 
current 
(mA) 
Beam 
focus 
(mA) 
Distance between 
trajectories         
(mm) 
Level 1 500 2 1 0,125 
Level 2 937 4 3 - 
Level 3 1375 6 5 0,25 
 
First, the energy density does not take into consideration 
the beam focus. That is why three series (for each level of 
focus current) are plotted. The beam focus does not seem to 
have influence on the young modulus. Indeed, the three series 
follow the same trend. 
The evolution of the dimensionless modulus can be 
approximated by this function: 
)1( )10.05.1(10.25.1
max
1010   Ue
E
E
                            (2) 
with U the energy density.  
It can be concluded that for an energy density superior to 
2.3 MJ/m3 the Young modulus is up to 99 % of its maximal 
value and is stable. The powder seems to be correctly melted, 
without porosity. Moreover, an overheating of the material 
does not degrade its Young modulus. Below this value, 
porosity can be found in the material and the Young modulus 
decreases. Thus, the nominal density energy can be fixed as a 
compromise to avoid overheating and porosity. 
This nominal density energy will be modulated in function 
of the proximity of sintered powder in each space direction. 
The modulation function is decomposed in three functions, 
one for each direction: 
)()()(),,( zgyfxfUzyxU nom uuu                         (3) 
with Unom the nominal density energy, x, y and z the distances 
between the considered point and the sintered powder in each 
direction. z is the vertical build direction and x, y the plane 
direction. The heat transfer is the same in the two directions 
of the plane; that is why the same function is used for these 
two directions. These two functions are increasing to bring 
more energy away from the powder (Fig. 6). Next to the 
powder, the function is equal to a. When a distance (L) to the 
sintered powder is reached, the functions are equal to 1 and 
then energy input is equal to Unom. 
 
O
O
L
1
a
X (mm)
F(x)
 
Fig. 6. Definition of f and g functions. 
Four beam parameters impact the energy input: the beam 
voltage, the beam current, the beam speed and the beam 
trajectory offset. The energy will be modulated by changing 
the trajectories. In fact, currently, for each type of part, the 
other parameters are fixed and they can’t be changed during 
the built. However, with the actual numerical chain, it is 
possible to change the trajectory in order to modulate the 
energy input. 
4.3. Trajectory changes 
With the actual beam trajectories, it is impossible to 
modulate the energy as necessary to respect the modulation 
function. In fact, currently they are generated by the 
Computer Numerical Command (CNC) of the machine. 
To produce a part, the user must slice the CAD model. For 
each layer, the slicing gives to the machine the contour of the 
area that has to be melted. Whatever the type of built surface, 
the CNC uses the same strategy. First, the beam follows the 
contour of the area a certain number of times and then it 
hatches inside. The melting trajectories are linked by 
segments travelled at a speed of 8 000 m/s by the beam. The 
hatching orientation is rotated of 90° for each layer (Fig. 7). 
Due to the high reactivity of the deflection lens, on initial 
examination, the corners can be considered as right angles. 
 
 
 
Fig. 7. Machine manufacturer strategy trajectories to melt rectangular area. 
To apply the energy input modulation strategy, a new 
trajectories generation algorithm has been created. The CNC 
do not receive contour but directly the trajectories that the 
beam has to follow. In order to respect the constraints of the 
modulation function, the trajectory has been defined as inner 
contours of the area that will be melted travelled from the 
outside to the inside (Fig. 8). The variation of the distance 
between two trajectories makes it possible to modulate the 
energy. 
 
 
 
Fig. 8. New trajectories to melt rectangular area. 
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4.4. Results 
Different parameters of modulation function has been 
tested in order to show the influence of the energy input on 
the surface curling indicated by its flatness.  
With a very low energy input, the flatness drop to 0.168 
mm. An optical microscope was used to verify the exterior 
porosity (Fig. 9). Fig. 9.a shows the reference, a fully melted 
material obtained with the machine manufacturer melting 
strategy. Fig 9.b shows the material in an area which has 
received less energy. In this area, porosity can be observed; 
the energy input is not good enough and the material is not 
totally melted. 
 
     a                                                      b 
    
Fig. 9. Microscopic analyze of a fully melted material (a) and a partially 
melted (b) with exterior porosity. 
If the energy input is important, the deformation is 
increased by 1.5 mm. Between these two extremes, a 
compromise can be found with a totally melted material 
together with a minimized deformation. With this strategy the 
new flatness is 0.349 mm, 61 % less than the machine 
manufacturer strategy. The modulation function’s parameters 
use for this part are L = 3 mm and a = 0.3. So the difference 
of conductivity between consolidated powder and melted 
material seems to have influence up to 3 mm in the melted 
area. However, only a microscopic study has been done to 
find exterior porosity. In order to control the absence of 
internal porosity in the area which has received less energy, it 
will be necessary to use tomography [9]. 
The best parameters of the modulation function were 
defined building 0.5 mm thick planes. Since the function takes 
into account the distance from the consolidated powder in 
each direction, the same modulation function can be used for 
planes with other thickness. So the same modulation function 
was tested on 1 mm thick planes. Results were not 
concluding. The deformation was more important than with 
the machine manufacturer strategy. The vertical function’s 
parameters seem not to be optimal. They have to be 
determined with different plane thickness. Moreover, other 
type of modulation function should allow a better modulation 
of the energy input in the vertical direction.   
5. Conclusion and prospect 
Overheating has been identified as one of the curling effect 
causes. This overheating is due to the conductivity difference 
between molten and consolidated powder. To take into 
account this difference, a modulation strategy of the energy 
input has been proposed. The nominal density energy and the 
modulation function have been determined experimentally. 
Thanks to a new trajectories generation system, these 
functions have been implemented to test them on overhang 
surfaces. 
The study conducted shows the interest of developing 
specific trajectories and specific melting strategies for specific 
use. While improving the flatness of the surface, this strategy 
avoids the inconvenient highlighted when using support 
structures.  
A smaller flatness will be achieved by the combination of 
the two solutions: use supports and modulate the energy. 
In this study, the modulation function was experimentally 
determined. Finding the best parameters is a very long process 
and in order to use the modulation function for different cases 
(different thickness for example) it is essential to develop 
faster testing processes. This is why, to use this preliminary 
study, it will be necessary to simulate the trajectories strategy 
and the beam parameters. The simulation can help to choose 
the best modulation function to avoid overheating. 
In this study the trajectory of the beam has been changed 
but the beam parameters (beam focus, intensity, speed) 
remained the same. To improve the proposed solution, it 
would be interesting to link parameters and trajectories. A 
continuously variation of these parameters along the trajectory 
would allow a more precise modulation of the energy input 
and a modulation of the energy distribution (varying the focus 
for example). To this aim, the developed trajectories 
generation software has to be improved. In addition to its first 
function (generate trajectories), it has to be able to generate 
other type of trajectories and link parameters to its new 
melting strategies. This kind of software can already be found 
for cutting, where the cutting parameters are linked to the 
trajectory. 
These two perspectives can be grouped in the target to 
develop a complete Computer Aided Manufacturing for the 
EBM process in order to optimize and ease its parameters 
adjustments. 
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